Nanoparticles decorated with biocompatible coatings have received considerable attention in recent years for their potential biomedical applications. However, the desirable properties of nanoparticles for in vivo uses, such as colloidal stability, biodistribution, and pharmacokinetics, require further research. In this work, we report a bio-derived zwitterionic surface ligand, cysteine betaine (Cys-b) for the modification of hollow gold-silver nanoshells, giving rise to hyperthermia applications. Cys-b coatings on planar substrates and nanoshells were compared to conventional (11-mercaptoundecyl)tri(ethylene glycol) (OEG-thiol) to investigate their effects on the fouling resistance, colloidal stability, environmental tolerance, and photothermal properties.
INTRODUCTION
Hyperthermia, which involves the introduction of moderate heat to a specific target, has become an important method for tumor therapy because of the limited tolerance of tumor cells to a temperature range of 41-47 °C [1, 2] . These elevated temperatures cause irreversible cell damage by loosening cell membranes and denaturing proteins. The heating sources applied include radio frequency, microwaves, and ultrasound waves. However, these sources suffer from drawbacks because of their associated damage to the surrounding healthy tissues. An alternative strategy is photothermal therapy (PTT) in which photothermal agents are employed for heat generation in a local environment [3] [4] [5] [6] . The agents can be dye molecules such as naphthalocyanines, indocyanine, and porphyrins coordinated to transition metals. However, these chromophores suffer from low absorption coefficients and poor photostability [7, 8] . In recent years, tremendous advances have been witnessed in the development of nanomaterials with unique optical properties [9] [10] [11] . More specifically, novel metal nanoparticles have been employed as powerful agents for PTT because of their robust photostability and strong optical response via the surface plasmon resonance (SPR). A variety of plasmonic nanostructures including nanospheres, [12, 13] nanoshells [14, 15] , nanorods [16, 17] , and nanocages [18] , have been developed that respond to wavelengths in the visible and near infrared (NIR) regions. In the PTT applications, in addition to a strong extinction, the nanoparticle agents should possess additional properties, such as nontoxicity, long-term colloidal stability, high biocompatibility, and facile functionalization [19] . These requirements shed light on the critical role of surface chemistry for decorating plasmonic nanomaterials for their effective and safe implementations.
Commonly, thiolated oligo(ethylene glycol) (OEG) adsorbates are employed as capping ligands, in which thiol groups are adsorbed onto the surface of gold nanostructures via thiol-gold 4 bonds [20] . OEG-modified nanoparticles can significantly enhance colloidal stability, biocompatibility, and biodistribution [21] . Because of its steric repulsion with an elastic and osmotic component [22] [23] [24] , OEG coatings serve as antifouling materials to repel nonspecific adsorptions. Nevertheless, several factors must be considered when using OEG coatings under complex conditions [24] . For example, OEG adsorbates form hydrogen bonds with water molecules, and thus the conformational change and packing density of the oligomeric ethylene glycol can significantly affect the interfacial water layers [25] . In addition, enhanced temperature and ionic strength in the environment induce changes in the OEG conformation from a helical to an all-trans form, which leads to weakening of the bonding to interfacial water molecules [26] . Furthermore, the poor hydration of OEG eventually gives rise to energetically favorable nonspecific adsorptions [27] . Additionally, OEG can undergo degradation under the stresses of heat and light irradiation, and the possible formation of hydroperoxides [21, 28, 29] .
Taken together, an alternative coating material to OEG for use in particular cases, such as plasmonic nanoparticles for the photothermal therapy, remains highly desirable.
In recent years, attentions have been paid to zwitterionic materials, which contain both positively and negatively charged groups. These materials interact strongly with water molecules through ionic solvation, leading to stable configurations at high temperature and ionic strength [27, [30] [31] [32] [33] . Analogously, in nature, cell membranes are comprised largely of amphiphilic lipids containing polar zwitterionic groups that resist nonspecific adsorptions and allow highly selective biorecognition at interfaces. Therefore, an increasing number of applications utilizing zwitterionic materials as biocompatible and antifouling coatings for complex environments have been explored [30, 31, [34] [35] [36] . Our group recently reported the study and development of a novel zwitterionic surface ligand, cysteine betaine (Cys-b), which is derived from the natural 5 organosulfur compound, cysteine, by converting its primary amine to a quaternary ammonium [37] . We showed that this branched zwitterionic group has a high tolerance to pH changes and resistance to photooxidation in the presence of oxygen and light irradiation [37] . Moreover, selfassembled monolayers (SAMs) of Cys-b on gold exhibit better repellence than cysteine against proteins, bacteria, and mammalian cells. Therefore, the unique features of Cys-b make it promising as a new nanoscale coating material for potential implementation in the modification of plasmonic nanomaterials for PTT.
In the research reported here, we conducted a comparative study between Cys-b and thiolated OEG coatings on both planar "flat" gold surfaces and on plasmonic gold-based nanoparticles. The formation of SAMs on the flat gold surfaces was examined by contact angle measurements and X-ray photoelectron spectroscopy (XPS). Fouling tests on modified substrates were carried out with protein, bacteria, and NIH 3T3 cells. Importantly, the colloidal stability of plasmonic hollow gold-silver nanoshells coated with Cys-b and OEG-thiol was investigated by UV-vis spectroscopy and dynamic light scattering (DLS) to follow the changes in light absorbance/scattering and hydrodynamic sizes, respectively. The photothermal properties of modified nanoparticles as PTT agents were confirmed by NIR irradiation and the measurement of temperature changes in solutions. Finally, we demonstrated the effectiveness of Cys-b modified hollow gold-silver nanoshells conjugated with anti-HER2 antibodies against MDA-MB-453 breast cancer cells in hyperthermia treatments. These studies provided not only insight into the potential benefits of Cys-b as a zwitterionic surface ligands for plasmonic nanoparticles, but also evidence of a robust surface strategy for maintaining bioinertness in complex environments. System (Millipore Corporation) and filtered using a 0.22 μm filter.
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EXPERIMENTAL SECTION
Materials
Cys-b Synthesis
The detailed experimental procedure for Cys-b synthesis has been described [37] . Briefly, a flask containing 1 g of cysteine in 3 mL of deionized water was immersed in an ice bath and stirred under nitrogen. An 8.5 mL aliquot of 6.5 M KOH was introduced dropwise until the cysteine dissolved. The residual KOH and 5.2 mL of dimethyl sulfate were dropped in simultaneously over 1 h with stirring. Afterward, the flask was kept for another 20 min at rt, and then 1.2 mL of glacial acetic acid was added. The solution was evaporated in vacuo to a volume 7 of around 2 mL. The byproduct potassium methyl sulfate was precipitated by adding 40 mL of ethanol and then filtered. The filtrate was concentrated using a rotovap to a volume of around 2 mL, and then precipitated by adding 50 mL of acetone. The white product was washed with acetone 5 times to afford pure cysteine betaine, which was reduced in 0.1 M dithiothreitol (DTT)
in deionized water and stirred at 65 °C for 2 h. After cooling, 50 mL of acetone was added to precipitate the white product of pure Cys-b (70% yield).
Formation of SAMs on Planar Substrates
Au thin films with a thickness of 50 nm on glass slides were prepared by thermal were removed and cleaned with deionized water, ethanol, and water, followed by drying under a stream of nitrogen [38] .
Contact Angle Measurements
Static water contact angles were accessed by using an optical contact angle goniometer (Phoenix mini, Surface Electro Optics, Seoul). The 5 μL water droplets from a microsyringe were placed on the flat gold substrates, and the contact angles were measured at least three times at random positions.
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XPS Measurements.
The elemental spectra were detected by XPS with a microfocused and monochromatic Al Kα X-ray source (1486.6 eV, 400 μm; Sigma Probe, Thermo Scientific). The takeoff angle (with respect to the surface) of the photoelectron was set at 45°. The pressure of the system was below 10 -10 Pa using an oil-less ultrahigh vacuum pumping system. A dual beam charge neutralizer (7 V Ar + and flooding 3 kV, 1 μA electron beam) was employed to compensate for charging effects. Spectra were collected with a pass energy set to 58.7 eV, while the binding energy measured was calibrated against the Au 4f peaks at 84 and 88 eV. The typical data acquisition time was around 30 min.
Bacterial Fouling Tests
After inoculation for 16 h in LB in a conical flask at 37 °C shaking at 200 rpm, the bacteria of S. epidermidis or P. aeruginosa were then washed with sterile PBS for three times through centrifugation at 4000 rpm for 5 min and re-suspension in PBS. After the final wash, the bacterial samples in PBS were diluted to an optical density reading at 670 nm (OD670) of 0.1, corresponding to ~8×10 7 cells/mL, for testing the antifouling properties of substrates modified with OEG-thiol and Cys-b. The substrates were dipped into the bacterial solution at 37 °C for 3 h, followed by washing with PBS and shaking at 100 rpm for 5 min for three times. The adsorbed bacteria were stained with 50 μL of LIVE/DEAD BacLight for 15 min. Afterward, the substrates were observed using fluorescence microscopy (ZEISS Microscope Axio Obserber A1, Germany) with a magnification of 400 × and an excitation wavelength of 488 nm. The measurements were performed at five random locations on each sample, and the bacteria 9 numbers were analyzed using an ImageJ software package (developed at National Institutes of Health, MA).
Cell Adhesion Tests
3T3 fibroblasts were maintained in DMEM with 10% FBS at 37°C in an incubator with 95% relative humidity and 5% CO 2 . The bare Au substrates and Au substrates modified with Cys-b
and OEG-thiol were sterilized in 75% ethanol for 30 s and then washed with PBS for 3 min before cell seeding. The substrates were placed in a 24-well plate, and 3T3 fibroblasts in DMEM with 1% FBS were introduced with a total cell number of 2×10 5 per well. After culture for 72 h, the substrates were washed with PBS, followed by imaging using an optical microscopy. The cell number and cell coverage area were estimated using ImageJ software.
Preparation of Gold-Silver Nanoshells
Silver nanoparticles were prepared using the method of Lee and Meisel [39] . Briefly, an water. This procedure generated monodispersed silver nanoparticles, where the size could be adjusted from 40 nm to 100 nm, depending on the concentration of the reactants. For the synthesis of hollow gold-silver nanoshells as described in previous studies [15, 40, 41] , 0.050 g of K 2 CO 3 was added to 200 mL of purified water, which was then injected into 4 mL of 1% 
Colloidal Stability Tests
For the nanoshell modification, the total amount of the ligands, Cys-b and OEG-thiol, was 10 7 equivalent to nanoshells in deionized water by ligand exchange. The modification process was conducted for 12 h at rt, followed by collecting and washing with PBS via centrifugation at 9,000 rpm for 10 min. The particles were re-suspended in PBS. The changes in maximum extinction peak and particle sizes were monitored using UV-vis spectroscopy and DLS. With regard to the effects of protein fouling, the nanoshell solutions were diluted 5 times at a concentration of ~2x10 10 nanoshells/mL were prepared. BSA protein was added to the nanoshell solutions to a concentration of 4.9 mg/mL and the changes in the hydrodynamic size of nanoshells as a function of time were followed by dynamic light scattering (DLS, SZ-100 Horiba)
measurements. To verify the colloidal stability of modified nanoshells in the presence of high ionic strength and heat, the nanoshells modified with Cys-b and OEG-thiol were dissolved in 3 M NaCl solution, and the temperature was maintained at 50 °C. The extinction spectra were recorded for 24 h using the UV-vis spectroscopy.
Antibody Conjugation
For targeted hyperthermia applications with the nanoshells, anti-HER2 mouse monoclonal antibody was used to conjugate onto the nanoshells for delivery to HER2-positive MDA-MB- 
Hyperthermia Tests
HER2-positive MDA-MB-453 breast tumor cells and HER2-negative NIH 3T3 fibroblasts were seeded onto a 96-well plate at a density of 10,000 cells per well for 2 days before the tests.
The cells were washed three times with PBS, followed by incubation with nanoshells both with and without anti-HER2 Ab at 37 °C for 2 h. After incubation, the cells were irradiated with a NIR laser having a wavelength centered at 808 nm at an output power of 2.3 W/cm 2 for 10 min.
The cells were then washed with PBS and stained with calcein AM for visualization of live cells and with EthD-1 for visualization of dead cells. Software ImageJ was applied to quantify the cell death percentage after exposure to NIR irradiation.
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RESULTS and DISUSSION
SAM Formation on Planar Substrates
To compare the interfacial properties of Cys-b and OEG-thiol SAMs, the adsorbates were dissolved in solvents and allowed to form SAMs on flat Au substrates. Because of the interplane electrostatic forces, the oppositely charged ions between amphoteric amino acids can interact to form a multilayer structure, leading to an unbalanced interfacial charge and incomplete formation of monolayers [45] . Therefore, we prepared Cys-b SAMs using treatments of TFA to disrupt the interplane electrostatic forces between free and bound molecules on the surface [37, 46] . Elemental compositions and interfacial wettability of the SAMs were determined by XPS analysis and contact angle measurements, respectively. Figure 1 shows the XPS spectra of the eV [46] . The ratio of S/N for Cys-b is close to 1, which was in agreement with the stoichiometry [37] . Herein, the peaks for oxidized sulfur and unbound thiols centered at 166.0 and 164.0 eV, respectively, were not observed in the two SAMs, indicating the efficient formation of SAMs on gold [46] . Figure 2 shows the static contact angles for samples of bare gold and gold modified with Cys-b and OEG-thiol. The contact angles changed from 59 ± 4° for the unmodified substrate to 7 ± 1° and 21 ± 3° for the substrates modified with Cys-b and OEG-thiol, respectively, which is in agreement with previous studies [37, 51] . Herein, due to strong ionic solvation, the Cys-b
SAMs exhibited greater hydrophilicity than the OEG-thiol SAMs, consistent with a model in which the Cys-b-modified surfaces possess superhydrophilic characteristics with a tightly bound water layer. Notably, OEG, which interacts through hydrogen bonding with contacting water molecules, exhibits an amphiphilic nature that facilitates the dissolution of both aqueous and organic phases [52, 53] .
To test the capability of the coatings in fouling resistance, we exposed bare Au and Au modified with Cys-b and OEG-thiol to gram-negative P. aeruginosa and gram-positive S. epidermidis for 3 h at 37 °C. After gently washing with PBS to remove suspended and loosely bound bacteria, adhered bacteria were stained with Live/Dead dye for cell viability assays and imaged using fluorescence microscopy ( Figure 3a) . Notably, the numbers of bacteria on the Cys-b and OEG-thiol SAMs were reduced with respect to the bare Au substrates for the two strains of bacteria. In addition, P. aeruginosa is more adhesive than S. epidermidis, manifested by a large amount of adhered P. aeruginosa on bare Au. The difference can be attributed to the higher expression level of the capsular exopolysaccharide of P. aeruginosa, which facilitates the adhesion of bacteria [54] . The quantitative results shown in Figure 3b reveals that the numbers of the adsorbed P. aeruginosa and S. epidermidis were suppressed by about 3 and 2 orders of magnitude, respectively, compared with that on bare Au. In this work, the difference between
Cys-b and OEG-thiol SAMs in antibacterial adhesion was insignificant.
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The cell number and cell spreading area were determined to evaluate the cellular adaptation to the surface chemistries. In this study, NIH 3T3 fibroblasts were seeded on substrates of bare OEG-thiol, respectively, relative to the bare Au substrate. Moreover, the relative cell spreading areas on the SAMs derived from Cys-b and OEG-thiol were estimated to be 14 ± 2 and 12 ± 3 %, respectively, relative to the bare Au substrate. In terms of the cell adhesion and growth, the two modified surfaces show no significant differences when compared to each other.
Modification of Hollow Gold-Silver Nanoshells
Hollow gold-silver nanoshells were coated with Cys-b and OEG-thiol, and the resultant materials were evaluated on the basis of optical properties, fouling resistance, colloidal stability, and function in hyperthermia applications. The extinction spectra of as-prepared nanoshells and nanoshells modified with Cys-b and OEG-thiol are shown in Figure 5a . The extinction maximum of the modified nanoshells slightly red-shifted from 817 nm to 832 and 843 nm for the Cys-band OEG-modified nanoshells, respectively. The fouling resistance of the nanoshells was evaluated by DLS by measuring the increase in particle size as a function of the incubation time in the presence of the BSA solution. As shown in Figure 5b , the fouling level of the as-prepared nanoshells is more prominent than that for modified nanoshells. After exposure to BSA for 5 h, the increment of the particle size for the as-prepared nanoshells is 315 ± 26 nm, whereas, those for the nanoshells modified with Cys-b and OEG-thiol were about 97 ± 26 and 99 ± 28 nm, which is roughly a 70% reduction compared with the unmodified sample. The increase in the particle sizes likely arises from the formation of protein corona and colloidal aggregation in the BSA solution. Note the concentration of BSA solution was adjusted to 4.9 mg/mL, which is about 10% that in human blood. The as-prepared nanoshells were capped with citrate, which gives rise to a negatively charged surface that is colloidally stable in aqueous solution. Although the colloidal stability with citrate has been confirmed, the non-specific adsorption arising from electrostatic interactions cannot be excluded. In contrast, highly dispersed Cys-b-and OEGmodified nanoshells impart resistance to the adsorption of BSA, which can be attributed to the charge balance and hydrophilicity of the surface. Again, the differences between coatings derived from Cys-b and OEG-thiol appear to be insubstantial.
The plasmonic hollow gold-silver nanoshells were synthesized using established methods, [40] by which the light extinction can be tuned from the visible to the NIR regions according to the size of particles and the composition of the alloy. The nanoshells with extinction in the NIR region at wavelengths of 800-1200 nm are particularly attractive for biomedical applications because the range of wavelengths is referred to as the "tissue transparency window" [56] . Thus, potential applications of nanoshells in nanomedicine, including photothermal cancer therapy [57] [58] [59] and photothermally triggered drug release, have been investigated [60, 61] . However, for the full exploitation of nanodevices, the capping chemistry must be able to endure high temperature, strong light irradiation, and complex biological environments.
OEG-based SAMs have been employed as a model surface for studying biorecognition processes by taking advantage of well-defined compositions and control over molecular adsorption. Thus, OEG SAMs play important roles in a variety of biosensing applications when coupled with analytical techniques such as SPR spectroscopy, [62, 63] optical ellipsometry [64] , and quartz crystal microbalance [65] . In addition, the capability to spatially decorate the surfaces into a microscale array facilitates high-throughput screening for new drugs, biomarkers, and diagnostic techniques [66, 67] . Importantly, when compared to OEG-thiol, our new superhydrophilic zwitterionic ligand, Cys-b, shows comparable antifouling properties against the adsorption of proteins, bacteria, NIH 3T3 fibroblasts. In addition, the molecular weight of Cys-b (163 Da) is smaller than OEG-thiol (336 Da), leading to smaller hydrodynamic sizes of nanoparticles coated with Cys-b-coated. In addition, Cys-b resists the photoinduced oxidation to the amino group of Cys and also provides better tolerance toward pH changes to maintain its zwitterionic character [37] . The colloidal stability and optical properties of the Cys-b-modified nanoparticles show no significant differences with OEG-modified samples under our experimental conditions. Consequently, Cys-b can serve as an alternative to OEG-thiol analogs, and its unique features of superhydrophilicity, photostability, ultra-small size, and environmental insusceptibility make it a particularly attractive nanoscale coating material.
To verify the colloidal stability of modified nanoshells in the presence of the high ionic strength and heat, the nanoshells modified with Cys-b and OEG-thiol were dissolved in 3 M NaCl solution, and the temperature was maintained at 50 °C, which is comparable to the temperature of solutions containing nanoshells exposed to NIR irradiation at a power density of Furthermore, Figure 6c shows a systematically decreasing ratio of the extinction intensities at 808 nm as a function of irradiation time for the two samples. After 12 h of heating in 3 M NaCl solution, the extinction intensity of the OEG-modified nanoshells decreased by 16%. In a related study, NIR light at 808 nm was used for photolytic heating of the nanoshells in solution over the course of 2 h (see Figure 6d ). This experiment showed that the temperature of the solution can be increased to ~54 °C within 15 min for nanoshell samples modified with both Cys-b and OEGthiol. After reaching the peak temperature, the temperature plateaued for the Cys-b sample, which likely reflects temperature equilibrium between heat generation from nanoshells and heat loss to the environment. In contrast, the temperature of the OEG-thiol sample gradually decreased with the irradiation time, which likely arises from a loss of photothermal performance due to particle aggregation and precipitation. The latter hypothesis can perhaps be supported by the fact that OEG exhibits a lower critical solution temperature (LCST), leading to dehydration and consequent failure to prevent aggregation at high temperature in salt solutions [27] .
Hyperthermia Treatments for Cancer Cells
HER2, which is highly expressed in a significant proportion of breast cancer, ovarian cancer, and gastric cancer, is a ligand for delivery of therapeutic carriers [68] [69] [70] . Therefore, the HER2 mAb-conjugated hollow Au-Ag nanoshells were synthesized to target the HER2-positive MDA-MB-453 breast cancer cells for hyperthermia treatment under NIR irradiation. Surface functionalization was conducted by mixing bio-inert capping ligand (i.e., Cys-b or OEG-thiol) with a functionalizable carboxylate-terminated ligand (i.e., COOH-thiol). The carboxylic acid can be activated by the EDC/NHS amine coupling chemistry [71, 72] . It was postulated that the carboxylate group in Cys-b could also serve as a functional group for protein conjugation as CBassociated polymers [52, 73, 74] . However, because of the limited accessibility and low pKa of the carboxylate group in Cys-b, the efficiency of bioconjugation is largely impracticable.
Therefore, we utilized the COOH-thiol as a functional ligand for effective conjugation with antibodies. Nanoshells modified with Cys-b and OEG-thiol both with and without mAb conjugation were incubated with MDA-MB-453 and NIH 3T3 at 37 °C for 2 h, followed by washing with PBS and NIR irradiation for 10 min. The as-synthesized nanoshells without further modification were used as a control sample. 
